Anatomical and physiological evidence suggests that common input to motor neurons of hand muscles is an important neural mechanism for hand control. To gain insight into the synaptic input underlying the coordination of hand muscles, significant effort has been devoted to describing the distribution of common input across motor units of extrinsic muscles. Much less is known, however, about the distribution of common input to motor units belonging to different intrinsic muscles and to intrinsic-extrinsic muscle pairs.
Introduction
Object grasping and manipulation require fine coordination of multiple hand muscles. To simplify control of a complex system such as the hand, it may be advantageous to activate groups of muscles with a neural signal that is distributed to motor neuron pools of different muscles. The role of such common neural input would be to facilitate the coupling of movement and/or forces at the digits. Within this theoretical framework, common input to motor neurons might be an important mechanism for coupling the neural activity of motor units within or across muscles (De Luca and Mambrito 1987; Santello and Soechting 2000; Santello and Fuglevand 2004; Reilly et al. 2004 ; for review see Schieber and Santello 2004) . Near synchronous activation of motor units belonging to the same muscle would modulate its force output (De Luca and Mambrito 1987; Yao et al. 2000) . Synchrony occurring between motor units residing in two different muscles or muscle compartments might play a functional role in the coordination of forces at different digits, for example as it might be required to prevent slipping of an object in grasping (Winges and Santello 2004; Santello and Fuglevand 2004; Johnston et al. 2005; Winges et al. 2006 ).
Previous studies have used tasks involving either force production by individual digits or holding an object against gravity to determine the distribution of common input to extrinsic hand muscles that are important for grasping and manipulation. These studies have shown that common input to motor units of extrinsic hand muscles is heterogeneously distributed across muscles, i.e., m flexor pollicis longus (FPL) and compartments of m. flexor digitorum profundus Intrinsic hand muscles are also important for the coordination of digits in the production of manipulative forces. It is therefore important to understand the organization of synaptic input to intrinsic muscles -both within and across muscles -of the hand. Most studies on motor unit synchronization within intrinsic hand muscles in humans have used m. first dorsal interosseus (FDI) for its ease of accessibility and its functional role in grasping. These studies have yielded a great deal of information about motor unit synchronization within FDI such as being mediated by common pre-synaptic inputs to motor neurons (Datta and Stephens 1990) . Furthermore, synchronization of motor unit activity within FDI appears to be modulated according to the task being performed (Semmler et al. 2002; Kilner et al. 2002) as well as dependent on chronic usage patterns (Milner-Brown et al. 1975; Semmler and Nordstom 1998) . However, much less is known about the organization of neural common input across motor units of simultaneously active intrinsic hand muscles as well as across intrinsic-extrinsic muscles.
The primary objective of the present study was to quantify the strength of common input to motor units across two intrinsic muscles, FDI and m. first palmar interosseus (FPI), during a two-digit object hold task. The FDI and FPI are abductors and adductors of the index finger, respectively, hence antagonists. Furthermore, they are also synergists for flexion at the metacarpal-phalangeal joint and extension at interphalangeal joints (Brand and Hollister, 1999) .
Both muscles play an important role for grasping and manipulation as demonstrated by electromyographic (EMG) studies (Long et al. 1970; Valero-Cuevas et al. 1998; Valero-Cuevas 2000) . The second objective of the present study was to further improve our understanding of the principles underlying the distribution of common input to motor units of hand muscles.
Adding the present analysis of common input to intrinsic muscles to our previous analysis of extrinsic muscles (Winges and Santello 2004; Winges et al. 2006 ) and using the same object hold task allowed us to compare data from extrinsic with intrinsic muscle pairs. To further extend the characterization of common input to pairs of extrinsic muscles (previous work) and pairs of intrinsic muscles (present work) we also recorded EMG activity from an extrinsic thumb muscle (FPL). This allowed us to examine common input within a third category of muscle pairs, i.e., intrinsic-extrinsic muscles.
METHODS

Experimental Tasks
Five subjects (4 males and 1 female; mean age: 32 years, range: 23-38 years) with no known neuromuscular disorders or musculoskeletal injuries of the hand took part in the experiments. Three subjects were right-handed, one subject was ambidextrous (but with a righthand dominance for object grasping and holding) and one subject was left handed as determined by the Edinburgh questionnaire (Oldfield 1971) . None of our subjects had specific training in manual skills. Each subject participated in at least three experimental sessions and gave their informed consent prior to each experimental session. The experimental procedures were approved by the Institutional Review Board at Arizona State University and were in accordance with the declaration of Helsinki.
Subjects sat in an adjustable dental chair with their right forearm resting on a flat platform, the hand in a semipronated position and the wrist slightly extended. We asked subjects to grasp, lift and hold a manipulandum (total mass: 0.145 Kg) in an upright position using a thumb-index finger grip for a minimum period of 3 minutes (Fig. 1 ). Subjects were instructed to (1) exert sufficient forces at the fingertips to prevent object slip and (2) maintain the grip device aligned with the vertical during the entire duration of the trial. To attain the second objective, subjects were instructed to use a bull's-eye level attached to the top of the grip device ( Fig. 1) which indicated deviations from the vertical orientation i.e., pitch and roll. The task requirements are similar to holding a glass filled with water while preventing it from spilling.
Before lifting the device, subjects placed the distal pad of the thumb and finger on their respective force sensor plate on either side of the grip device. After establishing a secure grip, subjects were asked to lift the device to a height of ~5 cm from the support surface. After the object was lifted, the experimenter placed a soft support under the forearm and proximal to the ulnar styloid process to prevent fatigue of the elbow flexor muscles. Before starting data recording, the subject aligned and maintained the object vertically using the bull's eye level as a reference. We gave rest periods of approximately 5 minutes between trials to ensure that subjects were fully rested before starting a new trial.
INSERT FIGURE 1 APPROXIMATELY HERE
Force and Electromyography Recordings
Normal forces were measured at the thumb and index finger by two Nano17/SI-25-250 force/torque sensors (Fig 1; ATI Industrial Automation, Apex, NC; nominal resolution 0.0015 N). The static coefficient of friction (µ) of the contact surfaces was = 0.89 (this was measured as described by Aoki et al. 2007 ). Intramuscular electromyographic (EMG) recordings were obtained over the course of the study using 27 gauge hypodermic needles to insert fine-wire electrodes (25 µm diameter; California Fine Wire, Grover Beach CA, USA) into the muscle bellies of two intrinsic index finger muscles (FPI and FDI) . For each session, four fine wire electrodes were inserted into FDI and two were inserted into FPI. One surface electrode (10 mm diameter gold plated silver disc, Model F-E5GH, Grass Instruments; West Warwick, RI) was placed on the radial styloid to serve as a reference electrode for each fine wire electrode and one tungsten microelectrode (see below).
In addition to the above assessment of common input across intrinsic muscles, we also recorded from one extrinsic thumb flexor (FPL) using a tungsten microelectrode (Frederick Haer and Co., Bowdoinham, ME; 1 to 5 µm tip diameter, 5 to 10 µm uninsulated length, 50 mm shaft length; 250 µm shaft diameter, ~200 k impedance at 1,000 Hz after insertion). Recording from an extrinsic muscle controlling the thumb allowed us to extend our measurement of common neural input from one intrinsic muscle pair (FDI-FPI) to two extrinsic-intrinsic muscle pairs, i.e., FPL-FDI and FPL-FPI. Adding these two muscle pairs was useful in further characterizing the distribution of common neural input by allowing us to examine a larger number of muscle pairs and combinations. In order to allow natural physiological modulation of motor unit discharge rate during an object hold task, subjects did not receive auditory feedback of discharge rate during the trial. Similarly, no visual feedback of the forces exerted on the device was given to allow for a natural distribution and fluctuation of individual fingertip forces during the object hold task (see Winges and Santello 2004 for details) .
Normal forces and EMG analysis
Our force analysis focused on quantifying the normal forces exerted by each digit.
Maximal voluntary grip force was also measured for each subject during a separate session to provide a relative measure of the normal force elicited by our grasping task. Subjects were asked to produce maximal voluntary grip forces during three five-second trials separated by rest periods of 3 minutes. The maximum two-digit grip force across the three trials was used to normalize normal forces measured during object hold.
Single motor unit activity was discriminated into spike trains from the interference EMG signal ( Fig. 2A ) using a commercially available software package (Spike2 v5.09, Cambridge Electronic Design, Cambridge, U.K). For each discriminated motor unit spike train, the instantaneous discharge rate was computed as the inverse of the interspike interval (ISI). To assess whether there were any systematic increases or decreases in the discharge rate within each trial we performed a least-square regression analysis on the instantaneous discharge rate of each motor unit. We then subtracted the slope of the regression line from the data to remove any trend (Laidlaw et al. 2000) . The mean and standard deviation of the motor unit discharge rate were computed on the de-trended data from each trial and used to compute the coefficient of variation (CV) of motor unit discharge rate. We then computed the geometric mean (GM) of the discharge rate and the GM of the CV of discharge rate for each motor unit pair (Nordstrom et al. 1992 ) to quantify the within-trial variability of discharge rate.
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Analysis of motor unit synchrony
Custom software was used to quantify motor unit synchronization within-and acrossmuscles. Reference and test spike trains from separate electrodes were defined (arbitrary) and a cross-correlogram (1 ms bin, 201 bins) between the two motor unit spike trains was computed for ± 100 ms from the discharge of the reference unit (bottom panel, Fig. 2B ). A technique utilizing the cumulative sum (CUSUM; Ellaway 1978) was used to determine the existence of a peak in the cross-correlogram which would indicate near synchronous discharge of the two motor units (top panel, Fig. 2B ). The peak was defined by the area between the 10 th and 90 th percentiles of the largest inflection in the CUSUM within ± 20 ms of the reference unit discharging (time period within the two dotted vertical lines in Fig. 2B ; Schmied et al. 1993; Keen and Fuglevand 2004) . If a peak could not be defined within this region, a narrowed region of 11 ms centered around time 0 was used for the assessment of the strength of motor unit synchrony for that motor unit pair (Semmler et al. 1997) . The duration of the cross-correlogram peak has been used to further interpret the mechanisms leading to motor unit synchrony. Narrow cross-correlogram peaks resulting from motor units discharging within a few milliseconds of each other (short-term synchrony) would arise from shared inputs from branched axons of single last-order neurons (Kirkwood 1979) . Broader cross-correlogram peaks would reflect synchrony of separate pre-synaptic inputs to the motor neurons (Semmler et al. 2002) . Therefore to assess possible differences in the way common input is delivered to motor neurons, we computed the width of the cross-correlogram peak for each motor unit pair.
We used the common input strength index (CIS; Nordstrom et al. 1992) to quantify the strength of motor unit synchrony. The value of the CIS index represents the frequency of synchronous discharges for a motor unit pair above chance level. Chance level (horizontal line, bottom panel, Fig. 2B ) is defined as the mean number of counts (spikes) per bin occurring in time bins from -100 to -40 ms and from 40 to 100 ms. CIS was computed as the ratio of the total counts in the peak of the cross-correlogram defined by the CUSUM minus the counts due to chance, normalized by the trial duration, i.e., the time within which both motor units were tonically active. The criteria for including a motor unit in the computation of the CIS was a tonic discharge of at least 800 discharges occurring without large gaps (> 1 sec). CIS was preferred over other synchrony measures due to its lower sensitivity to across-trial differences in discharge rate (Nordstrom et al. 1992 ). This was an important factor for our study since motor unit discharge rate was not constrained. The above criteria for inclusion of motor units for analysis of synchrony significantly reduced the number of usable motor units within FDI and FPI for analysis of within-muscle synchrony since these muscles tended to be concurrently active for shorter period than the minimum required for analysis.
Statistical Analysis
ANOVA was used to determine the effect of muscle pair (independent variable) on CIS (dependent variable). As differences in CIS may result from differences in discharge rate variability (Nordstrom et al. 1992) , we used separate ANOVAs to assess whether GM of motor unit discharge rate or the GM of the CV of motor unit discharge rate (dependent variables) differed across muscle pairs (independent variable). We also performed linear regression analysis to assess the extent to which (1) GM of motor unit discharge rate, (2) GM of the CV of discharge rate, (3) sum of the normal forces produced by the thumb and index finger influenced the CIS. For the regression analysis on normal forces (#3 above) we used the sum of normal forces exerted by two digits instead of the force of individual digits because our measures of common input are based on correlating activity of motor units across muscles of two digits for two of the three muscle pairs studied (FPL-FDI and FPL-FPI).
We also used ANOVA to assess whether the peak width of the cross-correlogram (dependent variable) differed across muscle pairs (independent variables) to assess how the common input is delivered to pairs of motor units (see above). When appropriate, Bonferronicorrected post-hoc tests were used to locate statistical differences. A significance level of P 0.05 was used for all comparisons. All data are reported as mean ± SE unless otherwise noted.
RESULTS
Analysis of 198 across-muscle motor unit pairs during our two-digit object hold task revealed weak across-muscle synchrony for the intrinsic-intrinsic muscle pair (FDI-FPI). Motor units from both extrinsic-intrinsic muscle pairs (FPL-FDI, FPL-FPI) were characterized by slightly stronger synchrony than FDI-FPI. Lastly, the strength of within-FDI and -FPI motor unit synchrony was more than three times stronger than that measured across FDI and FPI.
Digit Forces During Object Hold
Mean thumb and index finger normal forces were 2.61 N ± 0.32 and 2.66 N ± 0.32, respectively. These forces were below 5% of maximal voluntary grip force (range: 3.1% to 4.4%). Therefore, as our two-digit object hold task elicited small forces, the motor units sampled in this study were restricted to presumably small, low-threshold motor units.
Motor Unit Discharge Properties
The range of motor unit discharge rates was broad and similar to that reported by our previous study, i.e., 7 to 15 Hz (Winges and Santello 2004) . The de-trended discharge rate data (see Methods) varied only slightly from the raw data, i.e., mean difference (± SD) of 0.011 ± 0.004 Hz with a maximum difference of 0.035 Hz. Hence, no systematic increase or drift in motor unit discharge rate occurred during our object hold task.
The geometric mean (GM) of motor unit discharge rates was significantly higher for FPL-FPI compared to FDI-FPI (Table 1; F (4,218) = 5.195; P < 0.001), however this difference was very small, i.e., 1.0 Hz. The GM of the coefficient of variation (CV) of motor unit discharge rate ranged from ~28% to ~32% (Table 1 ). This range is comparable, but higher than, that reported by our previous studies of motor units from extrinsic hand muscles during five-digit grasping (~20% to ~28%; Winges and Santello 2004) and two-digit grasping (~20 to 24%; Winges et al. 2006 ). Significant main effects of muscle pair on the GM of the CV of motor unit discharge rate were found such that this variable was higher for FDI-FPI than FPL-FDI and FPL-FPI (F (4, 218) = 4.526; P < 0.01), although these differences were both less than 3.5%.
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Across-Muscle Motor Unit Synchrony
A typical experimental record of EMG is shown in Fig. 2 . Seventy experimental trials yielded 198 discriminated motor unit pairs (74 from FDI-FPI, 67 from FPL-FDI, 57 from FPL-FPI) used for the analysis of across-muscle motor unit synchrony (Table 1 ). The number of motor unit pairs included in the analysis from each subject is given in Table 2 .
The mean number of counts used to generate the cross-correlograms (Fig. 2B ) for each motor unit pair was 2952 ± 53. The widths of peaks that could be defined in the crosscorrelogram ranged from 2.76 to 35.69 ms (mean values for each muscle pair are shown in Table   1 ). Only 1% of motor unit pairs had narrow peaks (± 5 ms) and 30% had no definable peak in the cross-correlogram. The largest proportion of motor unit pairs (69%) had broad peaks ( ± 5 ms) in the cross-correlogram. There was no effect of muscle pair on cross-correlogram peak width (F (4, 158) = 1.759; P > 0.05). Figure 3 shows the values of common input strength (CIS; see Experimental Procedures)
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from each muscle pair. Across-muscle CIS values ranged from 0 to 0.79 with the majority of the motor unit pairs having small CIS values, i.e., less than or equal to 0.3 (Fig. 3A-C) . Note that the CIS of 0.3 is an arbitrary cut-off based on the results of a simulation study whose purpose was to determine a CIS value that would be capable of affecting the coordination of forces (Santello and Fuglevand 2004) and is used here to separate 'weak' from 'moderate' motor unit synchrony. As discussed in Winges and Santello (2004) , a CIS value of 0.6 measured from motor units of hand muscles would indicate relatively strong synchrony, whereas values larger than 0.3 would denote moderate but still significant level. CIS values less than 0.3 are associated with weak motor-unit synchrony as often no clear peaks in the cross-correlogram can be detected (see below; see also The extrinsic-intrinsic muscle pairs (FPL-FDI and FPL-FPI) had a larger number of motor unit pairs above the 0.3 cut-off level (black bars; Fig 3A-B) than the intrinsic-intrinsic muscle pair (FDI-FPI; Fig 3C) . CIS computed on motor units across intrinsic-extrinsic muscles (FPL-FDI and FPL-FPI) was larger than CIS across intrinsic muscles (FPI-FDI) in 3 out of 5 and 5 out of 5 subjects, respectively. CIS amplitude was significantly different across these muscle pairs ( Fig. 3D ; F (4, 218) = 28.929; P < 0.001). The intrinsic muscle pair exhibited the weakest across-muscle motor unit synchrony compared to the other two muscle pairs, whereas motor units from FPL-FPI were characterized by the strongest synchrony (Fig. 3D) . Overall, however, across-muscle motor unit synchrony was weak for each of the muscle pairs studied.
Common Input Relative to Force and Motor Unit Characteristics.
To summarize, the intrinsic muscle pair (FDI-FPI) exhibited weaker synchrony than the extrinsic-intrinsic muscle pairs. To assess the extent to which this finding might have resulted from differences in digit force or motor unit discharge characteristics, we performed linear regression analysis (see Methods). (Table 1) is slightly inflated by motor units with higher discharge rate. Hence, the weak CIS values found across motor units of FDI and FPI might have been slightly weaker had we pooled motor unit pairs with a more homogenous discharge rate. Lastly, no significant correlation was found between CIS and the GM of the CV of motor unit discharge rate for any muscle pair (P > 0.05).
Within-Muscle Motor Unit Synchrony
As more than one fine-wire electrode was used on each intrinsic muscle (see Methods), in some experimental sessions we were able to record and isolate concurrently active motor unit pairs within FDI and FPI. The within-muscle analysis of motor unit synchrony was performed on 11 motor unit pairs from FDI (four subjects) and 10 motor unit pairs from FPI (four subjects).
Peak width of the cross-correlograms computed on motor units from either muscle were comparable to those computed on motor units across muscles (see Table 1 ). Regression analysis between CIS and the sum of normal forces revealed a significant positive linear correlation for the FDI-FDI muscle pair only (n = 11, r 2 = 0.40, P < 0.05). No statistically significant relation was found between CIS values and GM of discharge rate or GM of the CV of motor unit discharge rate (P > 0.05). Note that the strength of synchrony of motor units within FDI and FPI was stronger (~ three-fold difference) than that computed across motor units belonging to any of the three muscle pairs studied (Table 1) . Examination of data from individual subjects showed that CIS computed on FDI-FDI and FPI-FPI was larger than CIS computed on FPI-FDI, FPL-FDI and FPL-FPI for all subjects and for three out of four subjects, respectively.
DISCUSSION
We found that motor unit synchrony across intrinsic muscles was weaker than within intrinsic muscles, as well as previously reported across-extrinsic muscle motor unit synchrony (Winges and Santello 2004; Winges et al. 2006) . Motor unit synchrony across intrinsic-extrinsic muscles was also weak, but stronger than across intrinsic muscles. Combining present and previous results suggests that common neural input to intrinsic and extrinsic hand muscles is distributed in a muscle-pair specific fashion.
Common neural input to motor units within and across intrinsic hand muscles
In agreement with other studies (Nordstrom et al. 1992; Semmler et al. 1997 Semmler et al. , 2000 , we found strong common neural input to single motor unit pairs within intrinsic hand muscles (Table   1 ). In contrast to the strong common input delivered to motor units of either FDI or FPI, motor unit activity across these muscles was characterized by weak synchrony ( Fig. 3 ; Table 1 ). This might be interpreted as an expectable finding as it has been reported that motor unit synchrony across hand muscles is relatively weak compared to that found within a muscle (e.g., Bremner et al. 1991a; Gibbs et al. 1995; Huesler et al. 2000) . However, the magnitude of CIS values obtained from motor units of FPL and the index compartment of FDP is more than double the magnitude of the present values of CIS across intrinsic muscles (Winges and Santello 2004; Hockensmith et al. 2005; Winges et al. 2006; McIsaac and Fuglevand 2006) . Therefore, the fact that motor unit synchrony was measured across muscles cannot fully account for the weak common input across FDI and FPI. Further, it suggests that weak motor unit synchrony across these intrinsic muscles may originate from factors others than those associated with weaker motor unit synchrony for pairs across different synergists or muscle compartments. Note that a comparison between our present and previous results is reasonable as data were collected using the same object hold task. We speculate that the stronger common input across extrinsic vs.
intrinsic muscles reflects a muscle-pair specific organization (see below).
Organization of inputs to motor units of intrinsic and extrinsic hand muscles
Strong motor unit synchrony within intrinsic muscles of the hand is consistent with previous research (e.g., Kim et al. 2001) . Within the framework of our previous work, however, the results on within-muscle synchrony measured from FDI and FPI are of particular significance as they provide further insight on the coordination of neural activity of multiple hand muscles during an object-hold task. Specifically, the strength of within-muscle synchrony was three times larger than that measured across the same muscles (see above; Fig. 4 , dotted bar). The weaker common input across-vs. within-muscles suggests that the neural coupling of these muscles is organized to maintain a higher degree of independence across FDI and FPI.
A comparison with our previous studies of motor unit activity during an object hold task ( Fig. 4 ; Winges and Santello 2004; Winges et al. 2006) provides further understanding of the distribution of common input to extrinsic and intrinsic hand muscles. These studies found that the strength of motor unit synchrony across a thumb and index finger extrinsic muscle (FPL and FDP2, respectively) was more than twice the magnitude of that reported here across intrinsic muscles. We speculate that the difference in the strength of motor unit synchrony between FPL-FDP2 and FDI-FPI might reflect differences in the long-term adaptations to their role in coordinating grip forces during object grasping. FPL and FDP2 act as synergists for maintaining equilibrium of normal forces necessary to prevent object slip. In contrast, while FDI and FPI share a synergist action with index finger flexors and extensors, they also have opposite mechanical actions in the abduction-adduction plane. Using an index finger force production task, Valero-Cuevas et al. (1998) reported that FDI and FPI are co-activated when generating forces in the ulnar and radial direction. However, these authors also reported that the level of FDI and FPI activation differed depending on force direction (Valero-Cuevas et al. 1998 ).
Therefore, fine modulation of the direction of tangential forces (opposite to gravitational force in our object hold task) might be better served by a relatively independent control of FDI relative to FPI rather than by coupling their activation through common neural input. Similar considerations might apply to neural coupling of FPL and FDI or FPI, as FPL plays a significant role in directing thumb force in opposition pinch (Johanson et al. 2001 ).
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Lastly, we found that motor unit synchrony across an extrinsic thumb muscle, FPL, and either intrinsic index finger muscle, FDI or FPI, was generally weak (Fig. 3A and B, respectively). However, motor unit synchrony across FPL-FDI and FPL-FPI was stronger than across FDI-FPI (Fig. 3C ) and weaker than motor unit synchrony across extrinsic muscles during either object hold or force production tasks ( (2000) also found that the incidence of synchrony was larger for extrinsic muscle pairs than for intrinsic and mixed intrinsic/extrinsic muscle pairs, although these samples included motor unit pairings within-and across muscles. Together these results might reflect a different organization of the inputs to motor neuron pools as these intrinsic and extrinsic muscles are innervated by different nerves. Specifically, the two extrinsic-intrinsic muscle pairs studied, FPL-FDI and FPL-FPI, receive different innervations (FPL: median nerve; FPI and FDI: ulnar nerve). As suggested by Maier and Hepp-Reymond (1995) , the motor neuron pool associated with different innervation might be associated with a weaker degree of last-order branching of pre-synaptic common input relative to motor neuron pools that share the same innervation 1 . This might also account for the weaker CIS from FPL-FDI and FPL-FPI than previously reported from extrinsic muscle pairs and compartments as these are innervated by the same nerve (Winges and Santello 2004; Winges et al. 2006) . Note, however, that this explanation does not account for the differences found between across-and within-intrinsic muscles discussed above.
The work by Bremner et al. (1991a,b) is also relevant to the discussion of the present results. Specifically, these authors reported that the incidence (Bremner et al. 1991a ) and strength (Bremner et al. 1991b ) of motor unit synchrony was higher for hand muscles that had similar actions on different digits than muscles with different actions inserting on the same digit.
A more direct comparison with our findings, however, can be made when considering Bremner et al. 's (1991b) finding that motor units innervating muscles with different actions inserting on different digits (index abductor-thumb extensor) exhibit weaker synchrony than muscles with different actions on the same digit (index abductor-index extensor; Fig. 5C , page 390). This finding is relevant to our comparison of FPL-FDI and FPL-FPI (different action, different digit) with FDI-FPI (different action, same digit). Note, however, that we are reporting opposite results, i.e., the former groups of muscle pairs exhibited stronger synchrony than the latter muscle pair. As there are many methodological differences (e.g., task, method to quantify synchrony, muscles used for analysis) between our study and the work by Bremner and colleagues, we are unable to identify the factors underlying these differences. Therefore, further work is needed to determine the extent to which the weak synchrony across motor units of FDI and FPI demonstrates a general principle of organization of neural control of intrinsic hand muscles.
In summary, we interpret the weak synchrony across motor units of FDI and FPI to be related to the functional role played by these muscles (i.e. to prevent object slip vs. modulation of the tangential forces) and that the organization of common neural input to hand muscles is muscle-pair specific.
Conclusions
The present and previous work supports the notion of common inputs being distributed non-uniformly across hand muscle pairs. The muscle-pair specific distribution appears to reflect the different role that given muscle pairs play in object grasping and manipulation.
FOOTNOTES
1 Note, however, that the association between the incidence of motor unit synchrony (significant peak in the cross-correlograms) and innervation type for motor unit pairs across different muscles was not observed in a later study from the same laboratory (Huesler et al. 2000) . Figure 1 . Grip device. The device used to measure normal and tangential forces during a twodigit object hold task (figure is not to scale). The number of motor unit (MU) pairs used for the analysis is given together with the geometric mean (GM) of motor unit firing rate and the coefficient of variation (CV) of motor unit firing rate, the common input strength index (CIS) and the duration of the cross-correlogram peak. All values are means ± SE. 
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